In this study, sun drying characteristics of green bean and okra were investigated. Drying experiments were conducted in Iskenderun-Hatay, Turkey. The drying study showed that the times taken for drying of green bean and okra from the initial moisture contents of 89.5% and 88.7% (w.b.) to final moisture content of around 15±0.5% (w.b.) were 60 and 100 h in open sun drying, respectively. The constant rate period is absent in drying curves. The drying process took place in the falling rate period. The drying data were fitted to thirteen thin-layer drying models. The performance of these models was investigated by comparing the determination of coefficient (R 2 ), reduced chi-square (χ 2 ) and root mean square error (RMSE) between the observed and predicted moisture ratios. Estimations by Approximation of diffusion (for green bean) and Midilli et al. models (for okra) were in good agreement with the experimental data obtained. Key words: sun drying; green bean and okra; thin-layer drying models; non-linear regression, effective diffusivity.
most widely grown fruit crops throughout the world. According to FAO data for 2007, green bean production all over the world was about 6,605 million t. The major producer countries include China, Indonesia, Turkey, India and Egypt [7] . Green bean is cultivated widely in Turkey, where 519,968 t had been produced in 2007. Okra and green bean, like most other fruits and vegetables, are susceptible to rapid deterioration because of their high moisture content. They are preserved in some forms, such as frozen, canned and dried.
Drying is a complex thermal process in which unsteady heat and moisture transfer occur simultaneously [9] . From an engineering point of view, it is important to develop a better understanding of the controlling parameters of this complex process. Mathematical models of the drying processes are used for designing new or improving existing drying systems or even for the control of the drying process. Many mathematical models have been proposed to describe the drying process, of which thin-layer drying models have been widely in use. These models can be categorized as theoretical, semi-theoretical, and empirical [10, 11] . Recently, there has been a lot of research in mathematical modelling and experimental studies of the dry-ing characteristics of various vegetables and fruits, such as carrot [2] , onion [3] , ciku [6] , sweet potato [12] , okra [8, 13] , green bean [14] , potato, apple and pumpkin slices [15] , and peach [16] . Studies on the sun drying of green bean and okra are scarce in the literature. Therefore, the present study was undertaken to study the drying kinetics of green bean and okra in direct exposure to the sun, to evaluate a suitable drying model for describing the drying process, and the compute effective moisture diffusivity.
EXPERIMENTAL

Material
Fresh green bean (Phaselus vulgaris L.) and okra (Abelmoschus esculetus L.) from Iskenderun region, Hatay, were used for the drying tests. Hatay is a province of southern Turkey, situated between the Mediterranean Sea to the west and Syria to the South-East. Its geographic coordinates are 35° 52' to 37° 04' North, 35° 40' to 36° 35' West and is hot and dry in summer. For ensuring the uniformity of the physical characteristics of the green bean and okra dried. The average diameters of green bean and okra were kept at 1.56±0.2 cm and 1.64±0.2 cm, respectively. Green bean samples cut in the form of slices of 4±0.1 cm length with a knife.
Drying process
The selected samples were cleaned with tap water to make samples free from dust and foreign materials. The samples, about 100 g, were distributed uniformly in a single layer in the sample tray, and then sun dried by direct exposure to solar radiation in August 2007 in the Iskenderun, Hatay. The green bean and okra were exposed to sunlight for 12 h daily. During the night, the moisture loss was not recorded. The samples during the night were packed for reducing the effect on increase in moisture content. Moisture loss was measured at 4-hour intervals during drying by a Mettler balance (model BB3000), which has a 0-3000 g measurement range with an accuracy of ±0.1 g. Drying was continued until the sample reached the desired moisture level (15+0.5%, w.b.). Dried samples were packed in a bag (low density polyethylene, LDPE) and thermally sealed. The experiments were repeated duplicate for obtaining more accurate results, after that average values were used.
Moisture content
The moisture content of the fresh samples was determined by using a vacuum oven at 70 °C for 24 h [17] . Triplicate samples were used for the determination of moisture content and the average values were reported.
Ambient air temperature
Ambient air temperatures were measured by an iron-constantan thermocouple, which was used with a manually controlled 8-channel automatic digital thermometer, with a reading accuracy of ±0.1 °C (Meter Electronic, Turkey).
Mathematical modeling of drying curves
Moisture ratio (MR) of samples was obtained using the equation below: 
where t 1 and t 2 are the drying times (h) at different times during drying; M t1 and M t2 are the moisture content of samples (kg water/kg dry matter) at time t 1 and t 2 , respectively. The experimental moisture ratio data of green bean and okra obtained were fitted to the 13 commonly used thin-layer drying models in Table 1 . Non-linear least square regression analysis was performed using Levenberg-Marquardt procedure in Statistica 6.0 computer program. The three criteria of statistic analysis have been used to evaluate the fitted of the experimental data to the different models; the coefficient of determination (R 2 ), reduced chi-square (χ 2 ) and root mean square error (RMSE). These parameters can be calculated as:
where MR ,exp,i and MR ,pre,i are experimental and predicted dimensionless moisture ratios, respectively; N is number of observations; z is number of constants in models. For quality fit, R 2 value should be higher, and χ 2 and RMSE values should be lower [13, 30, 31] .
Determination of effective moisture diffusivity
Fick's second law of diffusion equation, symbolized as a mass-diffusion equation for drying of agricultural products drying in a falling rate period, is shown in the following equation:
The analytical solutions of Fick's second law (Eq. 5) for different geometrics can be given as Eqs. (6) and (7)) with the assumption that neglecting shrinkage, constant temperature and diffusion coefficients and uniform initial moisture distribution.
Infinite slab:
Sphere:
where, D eff is the effective moisture diffusivity in m 2 /s, t is the time (s), n is a positive integer, L and r are the half-thickness and radius of samples (m), respectively. For long drying periods, Eqs. (6) and (7) can be further simplified to only the first term of the series. Eqs. (6) and (7) are written in a logarithmic form as follows:
The effective moisture diffusivity was calculated from a slope of a straight line by plotting data in terms of ln MR versus drying time, which gives a straight line with a slope of (K 1 and K 2 ), in which:
RESULTS AND DISCUSSION
Ambient temperature
The experiments were performed in August 2007, in Iskenderun, Hatay, Turkey. The variation of ambient air temperatures during sun drying of green bean and okra samples under natural convection in a typical day is shown in Figure 1 . During the drying experiments, the temperature of ambient air ranged from 33 to 46 °C. The air temperature reached in its higher figures between 10.00 am and 16.00 pm.
Drying curves
The changes in moisture ratio with drying time of samples in open sun drying are presented in Figure 2 . The drying study showed that the times taken for dry- 
Corzo et al. [28] Wang Drying rates of samples was calculated using Eq. (2). The changes in drying rates versus moisture ratio are shown in Figure 3 . The drying curves show that drying rate decreased continuously with decreasing moisture ratio. As indicated in these curves, there was no constant rate period in drying of samples. All the drying process occurred in the falling rate period. In the falling rate period, the material surface is no longer saturated with water and drying rate is controlled by diffusion of moisture from the interior of solid to the surface [12] . Similar results have been presented for onion slices [13] , green beans, potato and peas [25] , okra [8] , and carrot [2] . 
Evaluation of the models
The drying data obtained from the experiments were fitted to the selected models mentioned in Table  1 . The statistical analysis results are presented in Tables 2 and 3 values banded along a straight line, which proved the suitability of these models in describing the drying characteristics of samples. The Approximation of diffusion Table 3 . Curve fitting criteria for the various models and parameters for drying of okra and Midilli et al. models have also been suggested by other authors to describe hot air drying of some vegetables and fruits [15] , tomato [22] and tomato byproducts [26] .
Effective moisture diffusivity
The results of effective moisture diffusivity (D eff ) of samples and other related products under drying temperatures are presented in Table 4 . The values of effective diffusivity of green bean and okra were 1.12×10 -10 and 1.52×10 -11 m 2 /s, respectively. The values reported herein are within the general range of 10 -11 to 10 -9 m 2 /s for food materials [33] . However, the values for D eff obtained from this study were lower than those of reported in the Table 4 due to different heating mechanism being applied to the green bean and okra samples.
CONCLUSIONS
The drying characteristics of green bean and okra were investigated under open sun. The drying process occurred in falling rate period, and no constant rate period of drying was observed. The experimental data were used to fit thirteen thin layer drying models and goodness of fit determined using R 2 Adedeji et al. [13] Green bean Hot-air 1.6×10 -10 Rosselló et al. [14] Green pea Hot-air 1.5×10 -10 Rosselló et al. [14] Garlic Hot-air 2.0×10 -10 -4.2×10 -10 Madamba et al. [33] Carrot Hot-air 0.77×10 -9 -9.33×10 -9
Doymaz [32] 
